fluorescence correlation spectroscopy (FCS), we demonstrate the different diffusion regimes governed by the solution characteristics (ionic strength, pH, charge and concentration of proteins, etc.) and provide evidence for our proposed diffusion model. Therefore, this study presents a new step for a deeper understanding of the transport of charged molecules in nanofluidics.
The experimental set-up is depicted in figure 1a , the nanochannel-device used in the experiment consists of 2 microchannels crosslinked by a thin nanochannel (height h = 50nm, width w = 10μm, length l = 30μm). Solutions containing fluorescently labeled proteins are injected in both microchannels and measurements are performed as soon as the system is at equilibrium, meaning that all channels are completely filled. External negative pressure applied to the outlet ports allow a precise fine tuning of the flows in each microchannel as well as in the nanochannel.
THEORY
Effective concentration in a nanochannel. For solutes that are large enough to behave as hydrodynamic particles, the constrained space of a nanochannel causes the molecular friction coefficient to exceed its maximum value and leads to steric exclusion. This kind of hindered diffusion has been extensively studied with neutral spheres in cylindrical nanopores 8, [13] [14] [15] [16] . The equilibrium partitioning of solute concentration between inside and outside a nanoslit, assuming there is no surface close to the measurement volume outside the nanochannel, is given by 8, 17 : 
where <c nS > is the mean concentration of solute in the nanochannel and c 0 the concentration of solute in the bulk. λ is defined as the ratio of the solute diameter d s to nanochannel height h (λ = d s /h) and β = 2z/h-1 is the dimensionless z position (z is the projection axis parallel to the height). E is a potential describing long range interactions between the solute and the nanochannel walls which are here assumed to depend only on the z position, k B is the Bolzmann constant and T the temperature in Kelvin.
Equation 1 indicates that when the size of the particles is close to the height of the channel, a decrease of the solute concentration is expected within the nanochannel.
In micro and nanofluidics, the surface to volume ratio is high and the total concentration inside the confined space is a function of the number of molecules in the bulk and of the molecules adsorbed on the nanochannel surfaces. The Langmuir isotherm model 18 , which describes reversible adsorption, can be used to define the concentration in the nanochannel taking into account both the molecules in the free-diffusion space (bulk) of the nanochannel and those adsorbed on the walls: 2) where N A is the Avogadro constant, the effective steady-state surface concentration Γ 0 is a function of the full coverage surface concentration Γ max , and is also governed by the binding and dissociation constants k on and k off :
The bulk-surface partitioning cofactor χ is defined as:
To take into account the electrostatic interactions between charged molecules and charged surfaces as well as the interactions of the solute with the electrical double layer (EDL), depending on the ionic strength of the solution c i , a model given by Plecis et al 5 describing the exclusion-enrichment effect was used. This model introduces a partitioning coefficient Φ β , which takes into account the electrostatic effects and the interactions with the EDL, but ignores the steric exclusion due to the solute size, as well as the adsorption effect:
where q is the net charge of the solute and Ψ(z) is the Debye-Hückel approximation for the electrical potential between two infinite planar surfaces 19 :
where ζ is the zeta potential and λ D the EDL thickness corresponding to the Debye screening length, in a 1:1 electrolyte solution 5 :
where ε 0 is permittivity of vacuum, ε r the dielectric constant of the medium, R the molar gas constant and F the Faraday constant.
Combining these contributions (adsorption, steric exclusion and electrostatic interactions) by combining equations 1, 4 and 5, the equilibrium partitioning coefficient for solute concentration between inside and outside a nanochannel Φ nS can be defined as
When the solute is not charged, as is the case at the isoelectrical point (pI) for proteins, the charge q is zero and equation 8 is reduced to
Effective diffusion in a nanoconfinement. In nano-confined spaces, solute molecules undergo diffusion due to Brownian motion but can also adsorb at the channel walls due to the high surface to volume ratio of the nano-confinement. The Stokes-Einstein equation 20 can be used to estimate the bulk diffusion coefficient D bulk of spherical particles of radius r s (and by extension of globular proteins) in aqueous solutions:
where η is the solvent viscosity. (11) where r xy is the radius of the observed cylindrical volume. Proteins may also adsorb on surfaces which can result in an increased diffusion time through a given volume. The Langmuir isotherm model gives an expression of the time of interaction τ surf 22, 23 :
This effective diffusion time can be expressed as a weighted arithmetic mean of the diffusion times of freely diffusing molecules in the bulk and at reversibly adsorbed molecules on the surfaces:
The effective diffusion time τ eff can be determined with our FCS measurements. The effective diffusion coefficient D eff is related to τ eff by:
Overall, these are the dominant contributions to an effective diffusion coefficient which is strongly decreased when measuring the diffusion of proteins in nano-confinements 9, 12, 24 . 
Fluorescence Correlation
Where G(τ) is the autocorrelation function (ACF), N is the number of molecules in the sampling volume and τ D the characteristic time of diffusion across the illuminated sampling volume. The factor
(1-I B /I tot ) 2 corrects for a uncorrelated background intensity I B , with I tot being the total intensity including
I B
29 . The aspect ratio ω of the sampling volume is defined as the ratio between the height 2r z and the width 2r xy of the detection volume ω = r z /r xy . In a nanochannel, the detection volume is approximated by a cylinder of small height compared to its diameter. Consequently r z << r xy and ω tends to zero: the square-root term can then be neglected leading to a 2D FCS model 25 . Figure 1b ( )
where the coefficient α is a constant retention parameter, depending mainly on the geometry of the nanochannel. This phenomenological retention parameter takes into account the modified diffusion behavior of reversibly adsorbed particles. Best fittings of autocorrelation curves have allowed determining that α is an exponential term, in a similar way to the obstruction diffusion parameter which is widely used in anomalous diffusion in biology 30, 31 . In this first model, the triplet state population has been ignored, but it will be considered in detail in a forthcoming publication. Due to the low concentration of charged biomolecules, interactions between particles have been neglected. ⋅log(c i ) as measured by Kosmulski et al. 33 .
For values of the ionic concentration lower than 10 -4 M, the EDL overlap (EDLO) is observed; only the uncorrelated background intensity was measured, which corresponds to the exclusion of the proteins from the nanochannel. For values of the ionic strength close to 4⋅10 -4 M, the number of molecules interacting with the walls is close to zero. As presented in Fig 4c, the proteins are maintained away from the channel walls by the large dimension of the EDL. However, as there is no EDL overlap, a small, but significant amount of proteins enters the nanochannel.
When decreasing further the ionic strength, the number of molecules interacting with the surfaces increases again, while the molecules diffusing in the bulk of the nanochannel decreases to zero. As presented in Fig 4d, this corresponds to a case where there is not yet an overlap of the EDL. Only a small number of proteins can enter the nanochannel, but they are no longer confined to the center by electrostatic forces and consequently interact with the surfaces. In that case, the autocorrelation functions measured were similar to the ones measured for high ionic strength.
Finally, for ionic strength lower than 10 -4 M, there is an exclusion of the proteins from the nanochannel, as there is an overlap of the EDL. Figure 5 shows the effective times of diffusion τ eff which have been calculated with eq 13 using N bulk
and N surf values reported in figure 3 . As expected, at high ionic strength τ eff is close to τ surf as all proteins interact with the walls of the nanochannel because of the limited extension of the EDL and the large surface to volume ratio of the channel. When increasing the EDL, the effective time of diffusion decreases until reaching a minimal value close to τ bulk . This corresponds to the case depicted in Fig 4c where the proteins do no longer reach the walls of the nanochannel due to size of the EDL, and resulting in a diffusion of proteins almost as fast as in the bulk in such specific ionic conditions. Finally, at very low ionic concentration close to the EDLO, the rare proteins which may enter the nanochannel have a diffusion time close to τ surf .
CONCLUSION
Many technologies have recently been developed to exploit the exclusion or the enrichment of particles in confined area, particularly for biotechnology applications 34 , however, the diffusion through such artificial structures is still largely misunderstood.
In this work, we have demonstrated that hindered proteins concentration and diffusion can be measured directly inside a nanochannel with a FCS measurement unit. Our model for the prediction of the concentration in a nanochannel takes into account the steric exclusion as well as interactions of biomolecules with the surfaces and the exclusion-enrichment effect due to the electrical double layer and to the charge of the proteins. We propose a model for the FCS autocorrelation functions, which has been used to estimate the number of molecules diffusing freely inside the nanochannel and the number of molecules interacting with the surfaces. The measurements performed at different ionic strengths showed different regimes of diffusion and highlighted that for a specific EDL thickness, the diffusion of proteins through a nanochannel can be almost as high as in the bulk.
The models to predict proteins concentration and diffusion in nano confined spaces presented in this paper can be easily used to get a better understanding of on-chip, membranes separation or proteomic processes. We believe that they will help to get a better understanding of fundamental nanofluidic physics in order to develop further biological and biomedical applications.
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